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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



Length. 
Time__- 
Force.- 



Power _ 
Speed - 



Symbol 



I 
t 

F 



Metric 



Unit 



meter 

second 

weight of one kilogram _ 



kg/m/s_ 
fkm/h.. 
Im/s 



Symbol 



ni 

s 

kg 



k. p. h. 
m. p. s. 



English 



Unit 



foot (or mile) 

second (or hour) 

weight of one pound 



horsepower. 

mi./hr 

ft./sec 



Symbol 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp 

m. p. h. 
f. p. s. 



W, Weight = rag 

g. Standard acceleration of gravity = 9.80665 
m/s2 = 32.1740 ft./sec.^ 
W 

m, Mass = — 

g 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m"' 6, 
at 15° C. and 750 mm = 0.002378 

ab,-ft.-^ sec.2), 
.Specific weight of '^standard'' air, 1.2255 

kg/m3 = 0.07651 Ib./ft.^. m, 



2. GENERAL SYMBOLS, ETC. 

mk^, Moment of inertia (indicate axis of the 
radius of gyration kj by proper sub- 
script). 
Sy Area. 
Sy,j Wing area, etc. 
G, Gap. 
Span. 
Chord. 



1 



V, True air speed. 

Dynamic (or impact) pressure =|pF2. 

L 



Aspect ratio. 
Coefficient of viscosity. 
3. AERODYNAMICAL SYMBOLS 

Q, Resultant moment. 
0, Resultant angular velocity. 



D 



Lift, absolute coefficient Cl=^ 



D 



Drag, absolute coefficient C^d = -^ 



Do 



Do, Proffie drag, absolute coefficient C^do^^ 



p-^> Reynolds Number, where I is a Imear 

dimension, 
e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, at 15° C, th3 
corresponding number is 234,000; 
or for a model of 10 cm chord 40 m/s, 
the corresponding number is 274,000. 



Du Induced drag, absolute coefficient Cz).= -o ^ ^ ^ c ° re • \- * c 

^ qo Cpj Center of pressure coefficient (ratio cI 



Dpj Parasite drag, absolute coefficient Cdp = -^ 
Cy Cross-wind force, absolute coefficient 



Resultant force. 



distance of c. p. from leading edge to 
chord length). 
Angle of attack. 
Angle of downwash. 
iVngle of attack, infinite aspect ratio. 
Angle of attack, induced. 



Angle of setting of wings (relative to ao. Angle of attack, absolute. 



thrust line) . 
Angle of stabilizer setting (relative to 
thrust line). 



(Measured from zero lift position.) 
Flight path angle. 
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A NEW PRINCIPLE OF SOUND FREQUENCY ANALYSIS 

By Theodore Theodorsen 



SUMMARY 

In connection with a study of aircraft and lyropeller 
noises J the National Advisory Covimittee jor Aeronautics 
has developed an instrument for sound-jrequency analy- 
sis which differs fundamentally from previous types ^ and 
whichj owing to its simplicity of principle^ construction, 
and operation J has proved to be of value in this invest iga- 
tion. The method is based on the well-known fact that 
the ohmic loss in an electrical resistance is equal to the 
sum of the losses of the harmonic components of a com- 
plex wave, except for the case in which any two compo- 
nents approach or attain vectorial identity, in which case 
the ohmic loss is increased by a definite amount. This 
fact has been utilized for the purpose of frequency analy- 
sis by applying the unknown comj)lex voltage and a 
known voltage of pure sine form to a common resistance. 
By varying the frequency of the latter throughout the range 
in question, the individual components of the former will 
manifest themselves, both with respect to intensity as well 
as frequency, by changes in the temperature of the resist- 
ance. This principle of frequency analysis has been 
presented mathematically and a number of distinct ad- 
vantages relative to previous methods have been pointed 
out. Among these is the fact that the frequency discrim- 
ination or resolving power is inherently large and remains 
constant for the entire working range. A^o difficulties i 
exist as to distortions of any kind. The fidelity of \ 
operation depends solely on the quality of the associated 
vacuum-tube equipment. 

An automatic recording instrument embodying this 
principle is described in detail. It employs a beat- \ 
frequency oscillator as a source of variable frequency. A I 
large number of experiments have verified the predicted 
superiority of the method. A number of representative 
records are presented. 

INTRODUCTION 

Almost all analyzers depend on some modification 
of the principle of resonance or selective response. 
Since Helmholz, it has been customary to employ a 
series of fixed resonators of known frequencies for the 
analysis of acoustic waves, the ear being depended on as 
a detector. Of a more recent date are anatyzers em- 
ploying electrical resonance. A condenser C arranged | 



in series with an inductance L shows resonance at a 

frequency n = 2^^^ changing the value of L or 

C, or both, the desired range of frequencies may be 
investigated. 

This method has, however, a number of obvious 
difficulties. If the self-inductance be kept constant 
and it is desired to cover the ordinary voice range be- 
tween, say, 20 and 10,000 cycles per second, a change 

in capacity in a ratio Q^^^ 250,000 is required., 

which is highly impracticable. It then becomes neces- 
sary to vary the inductances also, and thus to employ 
a battery of inductances and condensers in connection 
wdth a complicated switching system (Reference 1.) 
The condensers in particular are subject to large tem- 
perature variations. This fact makes it impossible, 
or at least very difficult, to prevent overlapping or 
gaps between the various steps. The operation of 
the necessary switching equipment is an undesirable 
feature, and, furthermore, the response characteristic 
of such a simple electric resonator is inherently poor. 
To obtain any satisfaction in this respect a multiple 
system of tuning must be resorted to. This direct 
method has never proved to be of much practical 
value. 

In order to avoid such difficulties, attempts have 
been made to transfer the sound spectrum to a higher 
frequency level — that is, to use a so-called modulated 
spectrum. 

If a current is amplified through a nonHnear ampli- 
fier, the output contains a number of new components. 
The frequency and intensity of these components bear 
a certain relationship to the original constants. This 
new distorted spectrum offers some possibilities for the 
measurement of frequencies indirectly, that is, at 
higher or lower levels. The new spectrum, however, 
is crowded with a confusion of undesired frequencies. 

The Bell Telephone Laboratories have recently pub- 
lished two reports relating to analyzers of this type. 
In one of these analyzers, described in a paper by 
Moore and Curtis (reference 2), the auxiliary current 
is changed in frequency throughout a range extending 
from 11,000 to 16,000 cycles, while the receiving unit 
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is timed to 11,000 cycles. In a second analyzer by A. 
G. Landeen (reference 3), the auxiliary current has a 
frequency around 40,000 and the receiver element is 
tuned to about 800 cycles. This instrument is adai)ted 
only to a frequency range in the neighborhood of 
40,000 cycles per second. Since the Bell analyzers, 
employing the method of heterodyning the current to 
be analyzed with the current from a variable freciuency 
source, are properly. representative of such instruments, 
we shall devote the following section to a discussion 
of this method. We shall then present the theory of the 
hot-wire method of frequency analysis, give a descrip- 
tion of the instrument, and also discuss the o])erating 
characteristics of the new recorder. 

THEORETICAL CONSIDERATIONS REGARDING PRE- 
VIOUS METHODS FOR THE ANALYSIS OF COMPLEX 
CURRENTS 

An approximate idea of the energy distribution in 
the modulated spectrum may be obtained from the 
following analysis. 

Let the distortion be given by the relation 

I, = A, + A,{V^X) + Ao{V^ Xy + .43 (F+ AT + - (1 ) 

where /i is the plate current of a vacuum tube, X and 
V are voltages impressed on the grid, and A^; Ax^ etc., 
are constants of the circuit. Let X represent some 
unknown voltage of any wave form and V a known 
voltage. If the unknown voltage X is impressed on 
another tube with its representative vector turned 
180°, the resulting plate current in this tube circuit 
equals 

h = A,m^A,,, {V-X)+A,m 

With the two tubes workmgin a '*push-])ull" arrange- 
ment, the output is proportional to tlie difference of 
these two currents. 

This difl'erence equals 

+ (^2 - ^2.) iV' + X') + 2 {A, -I- ^2m) - - (2) 

This difference current, or, rather, some proportional 
quantity, is now usually fed into a resonant circuit for 
detection. 

With careful matching of the circuit elements 

{AQ = AQniy Ai = Axyn etc.) the expression (2) reduces to 

I,-l2-2A,X^4.A2 VX-\- (20 

This distorted spectrum contains the original fre- 
quencies as indicated by the term 2AiX. 

The next term AA^VX exhibits a spectrum which is 
concentrated around the wave length corresponding 
to the known current V. 

Let the frequency of the known current be n and let 
the frequencies of the complex current A'' be Uiy 712, 713, 



etc. The spectrum of the term 4:A2VX may then be 
shown to contain the frequencies 

n + riij n + Uoj n + Ui, etc., and also 

71 — ni, 71 — 712, 7l — 7lzj etc. 

Let us assume that the original current represents a 
sound with a frequency range extending from 0 to 
10,000 cycles per second. If the frequency n be kept 
constant, say, equal to 40,000 cycles per second, a dis- 
placed spectrum is obtained extending from 40,000 to 
50,000, while a reversed issue extends from 40,000 
down to 30,000. The situation is shown schematically 
in Figure 1. 

Theoretically, we might analyze the displaced 
spectra B or C instead of the origmal spectrum A in 
Figure 1. Difficulties exist, however, wdth respect to 
the sharpness of the tuning. The internal resistance of 
the resonator circuit can not be made sufficiently small 
and the frequency discrimination is therefore poor. 
It is difficult to detect a small component at say, 
n = 39,000, if a large component is present at n = 40,000. 



A C n b 




Figure 1. — Original and displaced spectra 



An improved method has been devised by Moore 
and Curtis (reference 2), in which the known frequency 
Fis varied while the receiving element remains tuned to 
a single fixed frequency. This scheme permits the em- 
ployment of multiple-tuned circuits for better response. 
Moore and Curtis have employed a mechanical reso- 
nating element tuned to a frequency of 11,000. The 
original paper shoidd be consulted to appreciate the 
difficulties inherent in this method. 

The main objection to the method of employing a 
modulated spectrum for frequency analysis is the fact 
that the entire spectrum is crowded by unwanted 
frequencies. Equation (2') represents the ideal condi- 
tion only if terms of higher order than the second are 
negligible in ecpiations (1) and (1'). A very limited 
range of the tube characteristic will satisfy this require 
ment. It is, however, also necessary that ^lo = ylom, etc., 
which fact is obvious from (2). Anyone who has 
attempted to accomplish this matching will loiow that 
the design of an instrument of ])ractical value on this 
basis is out of question. 

PRINCIPLES OF THE HOT-WIRE FREQUENCY 
INDICATOR 

We shall describe in the following pages a new type 
of instrument based on an entirely different phenome- 
non and shall also attempt to give its complete theory. 
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A remarkable property of the sine and cosine func- 
tions is that of orthogonaUty. If A and B are two such 
functions, the integral of their product equals zero if 
the integral is extended over a certain range, provided 
that A and B are of difl'erent order. If A and B are of 
the same order the integral is no longer zero, but has 
a definite value. 

Applied to electrical phenomena, it is known that the 
resistance loss of an electric current is very dependent 
on the w^ave form. In particular it is recognized that 
several alternating currents may be transmitted over 
the same distribution system independently of each 
other as far as the resistance loss is concerned, pro- 
vided thek frequencies are all difl'erent. Let us assume 
that a number of frequencies are present and that one 
more current be added. If the new component happens 
to coincide vectorially with one of the original currents, 
an unexpectedly great resistance loss will result. It 
occurred to the author that this phenomenon could be 
employed as a basis for a new instrumental method of 
frequency analysis. 

We will mention at once the peculiar fact that the 
very slowness of the response of a resistance wire, 
which usually is an undesirable feature, in the present 
case is even of value in certain respects. Only fre- 
c(uencies close to zero will appear in the tempera tui'e 
response, a property which may be compared to that 
of a low-pass filter, and the greater the thermal capacity 
the greater is the resolving power of the system. 

Let two currents / and i be supplied simultaneously 
from two independent sources to a common resistance 
R. Let the cm-rent / be of any form whatsoever and 

let it be written in the form ^ where refers to the 

instantaneous values of the harmonic components. 
Let i be a sine current of known frequency. The heat 
developed at any time in the resistance depends on 
the square of the instantaneous value of the current 
passing through it, 



d^ 
dt 



= (I, + I,^I,\ 



+ R. 



Integrated over a certain time t, we obtain 

H = Rj\l,' + l2' + l3' + 2 I, + 2 h /3 + 2 /. /a + i^ 

+ 21 /i + 2i /2-f 2i /3+ . . .)d^ 

where H is expressed in calories or watt hours. 

This integral may be simplified. We will not go 
into any mathematical detail, but just refer to current 
textbooks on trigonometric functions. The products 
/1/2, I\Iz, etc., in the integrand may all be omitted, 
since they do not contribute anything to the value of 
the integral. Furthermore, if i happens to differ in 
frequency from any of the component parts of /, the 
products ilij 1/2, etc., are also of no effect in the 
integrand. 



The amount of heat developed in the resistance is 
then simply 



H 



If, however, i is identical in frequency and phase 
with one of the component parts of the unlmown cur- 
rent, say the n^^ component /„, the quantity of heat 
developed is increased by 



2 i? J^: In di. 



If the currents i and In happen to be opposite in 
phase, the heat developed is decreased by 



2 R^^i In dt. 



By adopting the symbols i and In as representing 
the effective values of the currents and assuming the 
currents to be in phase at / = 0, we may write 



All 



= 4 RihJ^si 



sin coi t sin coo t dt 



or also 

All=2 RilnJ [cos (coi — C02) t~cos (CO1 + CO2) t] dt. 

If this integral is extended over a suflficiently long 
time the average value of the integrand approaches 
zero. We are prmiaril}^ interested in the particular 
case in which the two frequencies are nearly alike. The 
resistance wire will then exhibit a rather slow periodic 
temperature variation. The maximum quantity of 
excess'^ heat developed at one time is obtained by 
extending the last integral from the time when 

(wi — C02) ^ = -- ^ to the time when (wi — C02) / = 4- ^ ; that 

is, over the positive half period of the first term 
cos (wi — C02) t of the integrand. The second term 
cos (^1 + 0)2)^ contributes nothing and may be omitted. 
The maximum value of All is then equal to 



2RiI 



I I cos ptdt = 



where p is equal to <oi — C02. 

By introducing T=^ where T equals the half period, 
we obtain further 

AH=2ihK^-T. 

TT 



This value is equal to - times the ''excess" heat de- 
veloped during the same time if both currents w^ere 
exactly in phase. 
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Figure 2 indicates the effect. In (2A) both currents | 
are in phase; in (2B) they are exactly out of phase. 
The former condition causes a permanent increase in 
the temperature of the resistance, the latter a de- 
crease. In (2C) there exists a difference between the 
two imposed frequencies. The result is that the tem- 
perature of the resistance increases when the two cur- 
rents are in phase and decreases when they are out of 
phase. In other words, the temperature shows a peri- 

odic change with a fro(iuency equal to vibrations 
per second. 

This fact is of practical value. A resistance responds 
easily to ^'slow" changes, while the higher frequencies 
do not have any measurable efi'ect. The actual re- 
sponse characteristic will be worked out in the follow- 
ing. 

It is convenient to employ vacuum resistances of 
small thermal capacity. The filament of a vacuum 
tube is particularly suitable for our purpose. The rate 




currents In ond i differ in frequency 
FiGiTRE 2. — Heating effects of the product /„i 



of energy supplied at temperature equilibrium is equal 
to E^^aAT"^ where a is the radiation constant, A the 
surface area of the resistance, and T the absolute 
temperature. 

The assumption that all the heat is dissipated as 
radiation is nearly correct because the heat loss which 
is due to convection is negligible; furthermore, the 
temperat\ire of the surroundings is small compared 
with the filament temperature T. In this equation 
Ef. may be considered to express the constant (aver- 
age) electric input to the vacmim resistance. 

We know from the preceding analysis that 

n 

where /„ and % are the effective values of the currents. 

Any instantaneous increase in the electric input will 
have two effects — it will increase the heat energy 
stored in the wire and it will increase the radiation loss. 

The rate of '^excess'' heat developed may be ex- 
pressed by a vector. The magnitude of this vector 
equals e = 2j?i/„ and its angular velocity is coi — a'2 = ^?. 

Assume further that the wire shows an ''excess'' 
temperature of AT. 



The excess radiation is consequently 
aA(T^-b.TY-aAT^ or 

„.r{4«(f)%.e^)V(f)']. 

It is seen that A 2' may be as nuich as 10 per cent of 
the value of T without causing appreciable inaccuracy 

AT 

by neglecting all but the first order term of -jr • 
The excess radiation may then be expressed as 
4a.4T^ AT. 

The rate of heat absorbed by the wire is simply 

Fc7 ^f^T where c is the specific heat of the resistance, 

7 the density, and V the volume. 

We may then write for the instantaneous values 

e = 4a.ir^Ar+ Vyc^^M' or with 1T=AT„, sin p t, 
e = 4a A T^AT„i sin p t -}- VycAT,„ p cos 




Figure 3.— Vector diagram represent- 
ing the rate of "excess" energy input 
€ as the sum of the rate of "excess" 
radiation >S and the rate of "excess" 
heat-storing C 



The vector diagram in Figure 3 indicates the situ- 
ation. The vector e representing the ^'excess'' energy 
input is ahead of the vector S representing the radi- 
ation. The angle of lag of the temperature is given 

by tan X = g = ^^^jT3 > where C represents the ''excess'^ 

heat absorbed by the heat capacity of the wire. 
We obtain from the diagram: 

or (T VAr^ pf + {4.aAT'ATmy = {2Rihf 

which gives 

-yliVycpf^i^aAT^y 

2RiIn 

This expression can be brought into a more con- 
venient form by introducing the relation 
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■aAT* = {Zln' + i')R 

n 

2iln T I_ 



or 



M\ 1 



T 4S/,^ + i2 Vi-Ttan^X 



(3) 



The equation expresses the fact that the percentage 
increase in the temperature is equal to one-quarter 
times the percentage increase in the energy multiplied 
by a certain factor (1 4- tan^ or cos X. 

It is beyond our powers to influence the constants 
of this relation with the exception of the last-mentioned 
factor involving the phase angle X. 

The phase angle is defined by 



tan X = 



V 



Introducing the hydraulic radius ^ = the expression 
becomes 



tan X = 



ycr _ 1 



where k - 



ycr 



The value of tan X is directly proportional to the heat 
capacity per unit of volume yc^ to the hj^draulic 
radius r, and to the frequency y. It is inversely 
proportional to the radiatioii constant a, and to the 
third power of the absolute temperature T. 

At this point attention is called to the peculiar 
condition, mentioned earlier in this report, that the 
heat capacity of the wire, usually an undesii'able 
property, is responsible for the , great selectivity 
attainable by the hot-wire method. It is seen that 
tan X is zero when p = 0 and that full ''amplification" 
always is obtained in this case. The ''width" of the 
response depends on k. It may be of interest to men- 
tion the fact that a vacuum resistance a tenth of a 
millimeter in diameter is entirely too selective for all 
practical purposes. 

There is not much choice as to the values of 7, c, 
and a. It was found that to decrease the constant k 
in order to broaden the response sufficiently, it is 
desii'able to employ a high temperature and to use a 
resistance of a hydraulic radius not more than about 
one-thousandth of a centimeter. 

It may be noted that the constant k in the above 
expression for tan X corresponds to the time needed 
in heating the wire from absolute zero to the tempera- 
ture r, assuming that all the energy liberated by the 
equilibrium value of the current is absorbed by the 
thermal capacity alone. 

The initial rate of temperature rise at room tem- 

(d jf \ 
will actually furnish a quantitative 

indication of the constant k. 



The energy liberated by the equilibrium value of 
the current is equal to aT^ (A=l). 

For the time interval d^ we may then write 



or 



\ At Jr ycr K 



where T is the final temperature. 



CAbs. 




Figure 4.— Filament temperature against time 

In Figure 4 the temperature has been plotted against 
time. The time needed to bring the temperature of 
the resistance up to near its equilibrium value will not 
differ greatly from the magnitude k indicated in the 
figure. It is possible to obtain a fair estimate of this 
time by means of a stop watch. For the 301 -A tube 
it is found to be about one-quarter of a second. A 

direct estimate by means of the formula ^^'^^j^ y^®^^^ 

approximately the same value. 

It was found convenient to employ vacuum tubes 
to produce the effect. Not only is the filament of 
about the proper dimensions, but what is more impor- 
tant is the fact that the temperature fluctuations of 
the filament will produce corresponding changes in the 

flow of the plate current. The currents ^ and i 

are supplied to the filament, and beats occurring 
between the variable frequency current i and any of 
the unknown components In will manifest themselves 
as slow fluctuations in the plate current. 

A low impedance milliammeter was selected as the 
most suitable indicator of the plate current. It is then 
advantageous to employ a step-down transformer as a 
coupling unit between tube and indicator. 

Let us consider how this transformer affects the 
amphfication. The current in the secondary of the trans- 
former when working into a pure resistance equals 

AV 1_ 



■V 



(4) 



where AV is the equivalent voltage variation of the 
tube caused by the temperature variation ATm of its 



8 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



filament, R is the total resistance of the primary circuit 
including the plate resistance of the tube, Rg is the 
secondary circuit resistance, n equals the turns ratio 
(n^l), and L equals the ])nmary self-indiictnnce of 
the transformer. 

The above relation is correct only for Rs = oo . The 
dependency of Als on p is, however, expressed with 
sufficient accuracy near 2^ = 0, and the simple form is 
retained mainly for the sake of simplicity in the 
following discussion. 

For small fluctuations of the filament temperature it 
is also sufficiently accurate for the present purpose to 
assume proportional changes in the plate voltage. The 
factor of proportionality depends, of course, on the 
temperature level or operating range as shown in 



e.4 



a.o 



IP 

r 



120 


































































































































0 V 


olis 




















/ ) 






























1 — 

5 i^c 


lis 












+ 


4.5 




f 

























V 




mol 




















V 






Nor 


























V 



































130 140 150 160 170 
Filament current, mill/amperes 



180 



Figure 5.— Plate current of multiplier tubes as a function of filament current for 
different values of grid bias 

Figure 5. Let us write AF^m AjT^ in equation (4), 
where m is a tube constant, and we get, by means of 
equations (3) and (4), the final result. 

2mT 1 1 



nRs^iXln'^^i') 



or 



Ms = Co 



where 



iln 



(5) 



2mT 



nRs4:(Lln' + i') 



This equation expresses the fact that the output 
current A Is is proportional to the product of the un- 
known component and the known current i. The 
equation shows further that A Is is a function of p, 



the difference of the frequencies of the two currents. 
The relation is of the form 

M, = Co<t>{p) iln^ 

The great convenience of an instrument based on this 
prmciple is immediately apparent to anyone familiar 
with the great complexity of difficulties encountered in 
the problem of sound analysis. 

The most obvious advantage is the identical response 
at all frequencies. The equation shows that the re- 
sponse is dependent solely on the difference of the two 
frequencies and not on their absolute values. The 
''width" of the response pattern is, for instance, not 
greater at n = 8,000 than it is at n = SO. 

The form of the function $ (p) shows further that 
the response is rather critical. This is true whether a 
coupling transformer is employed or not. There is. 
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Figure 6.— iVmplification of multiiilier tubes and output transformer 

however, a marked difference in the appearance of the 
two response patterns; in the latter case the function 



^ (p) is of the form 



2 (see fig. 6, curve a) 



with the maximum response occurring at p = 0. The 
sharpness of the response depends on /c, and in order to 
attain the greatest resolving power of the instrument, 
the resistance element should be made heavy. Theo- 
retically, there is no limit to the amount of separation 
obtainable with such an arrangement. 

With a coupling transformer the single response at 
p = 0 is replaced by a pattern which has two peaks 
close to zero, one being an image of the other with 
respect to the zero point. 

The response function # (j)) is indicated by curve 
c in Figure 6 and by the records in Figures 16 and 17. 
In these figures the response intensity is plotted or 
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recorded as ordinates against the frequency as ab- 
scissas. The maximum response occurs at a value of 
^ equal to a few vibrations per second. By difier- 
entiation of ^ (p), this value is found to be 



1 



^7) 



With 



1 



second and the resistance-inductance ratio 



equal to about 20, the greatest response occurs at 
'P = IS radians per second, or vibrations per 

second. The maximum response (p) equals about 
45 per cent. 

This apparent loss of response intensity is more 
than offset by the gain due to the more correct match- 
ing of the measuring device (increase in the value of 
Co in equation (5)). 

There is, however, another consideration to be taken 
into account in this connection. The low-frequency 
current A / is most properly indicated by an instru- 
ment working on the vibration principle. If the 
period is too close to zero, the time required to attain 
maximum indication becomes too great for practical 
purposes. It was found most satisfactory to employ 
an ordinary commercial milliammeter having a natural 
period of about three vibrations per second. The 
greatest response of the entire combination w^as thus 
expected at about this frequency. The distance be- 
tween the two peaks of the response pattern, charac- 
teristic of this type of response, is actually close to 
six vibrations per second. (See figs. 16 and 17.) 

DESCRIPTION OF INSTRUMENT FOR SOUND FRE- 
QUENCY ANALYSIS 

A schematic diagram of the arrangement is shown 
in Figure 7. A commercial type beat-frequency oscil- 
lator is employed as a source of variable frequency 
current. It is noted that both the amplified sound 
current and the oscillator current are fed into a cen- 
tral unit termed ''multiplier/' the wiring diagram of 
which is shown in detail in Figure 8. This unit is 
the vital element of the instrument. 

The sound is impressed across the primary of the 
ti-ansformer To. The secondary of this transformer is 
connected to the neutral point of the secondary 
winding of the beat-frequency-oscillator transformer T3. 

The combined output of the secondaries of these 
transformers is supplied to the jilaments of the two 
audions Mi and Mo. It is noted that the angle be- 
tween the two voltages supplied to one of the audions 
differs by 180° from the angle between the voltages 
supplied to the other tube. In other words, if the 
phase angle difierence for one tube is a then the phase 
angle difference for the other tubes is irn-a. The 
function of the high resistance potentiometers P2 and 
P3 is to permit a certain adjustment of the character- 
istics of the audions by means of their grid voltages. 
60301—31 2 



The total plate voltage variation of the audions Mi 
and M2 is supplied to the grid of a power tube V con- 
stituting a 1-stage amplifier. The output of this tube 
is matched to a low impedance milliammeter employed 
as a recorder by means of the step-down transformer 
T4. 

A close-up of the complete sound recorder is shown 
in the photograph, Figure 9. 
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Figure 7— Schematic diagram of sound-frequency analyzer 

C is a condenser microphone. 

A is the 4-stage microphone amplifier. 

B is the beat-frequency oscillator wdth two stages 
additional amplification at Ab- 

M is the multiplier, and 

R a photographic recording device. 

Figure 10 shows the recording device in more detail. 
Note that the film drum F and the dial D of the beat- 
frequency recorder are mechanically interconnected. 
The recorder contains, in addition to the cylindrical 
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Figure 8— Wiring diagram of the multiplier 
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film drum, a driving motor and the milliammeter 
which carries a small mirror. Light from a point 
source is reflected by this mirror onto the film drum. 
The film drum is thus travelling in step with the beat- 
frequency dial. A given point on the record will thus 
always correspond to the same frequency. 

The original analyzer is shown in Figure 11. This 
instrument employed no output transformer after the 
multiplier; the recorder was connected in bridge ar- 
rangement across the tubes. 

In the representative records reproduced in Figures 
13 to 20 the ordinates indicate the intensity which is 
recorded against the frequency as abscissas. The time 
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used for a complete record was 5 minutes, 
eration is entirely automatic. 

APPLICATIONS 



The op- 



Up to this time the frequency analyzer has been used 
largely for the recordinc; of engine and propeller noises. 
These records will be published in a subsecjuent report. 
To show the variety of problems in which the analyzer 
is a convenient and very powerful means of investiga- 
tion, a few representative records (figs. 13 to 20, in- 
clusive) are included and will be discussed. The 



illustrate the first step in the evolution of the present 
analyzer. 

In contrast to this first record, Figure 14 shows a 
later record of the sound from a telephone receiver 
excited by a 60-cycle current. The sound output is 
distorted by an intentional overloading of the receiver. 
This record illustrates strikingly the great resolving 
power of the instrument. The record extends from 
0 to 3,000 cycles per second. The harmonics appear 
over the entire range, and the frequency discrimina- 
tion is just as good at 3,000 cycles per second as it is 




Figure 9— The complete sound recorder in experimental form 



records are presented also for the purpose of indicating 
the properties of the analyzer. 

The first record obtained wdth the original analyzer 
based on this new principle is shown in Figure 13. 
This record was obtained simply by letting the ampli- 
fier pick up the magnetic field from a 60-cycle toy 
transformer placed at some distance, with the field 
acting on the grid circuit of the first tube of the sound 
amplifier. It is noted that all harmonics up to about 
the twenty-fifth are recorded. This record and the 
diagram of the circuit in Figure 1 1 are shown only to 



near 0. The slight crowding of the scale at the upper 
range is due to the fact that the beat-frequency oscil- 
lator employed did not have a straight-hne frequency 
characteristic. 

Figure 15 shows the record obtained when the 
analyzer is connected to a 60-cycle source of voltage. 
Note the large 60-cycle component and the absence of 
harmonics. 

Figures 16 and 17 show records similar to Figure 14 
of the sound from an overloaded telephone receiver 
driven by a 60-cycle current. This record is taken over 
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the lower frequency range to show the response pattern 
in more detail. 

Figures 18 and 19 show the resolved sound issuing 
from a small 6-bladed propeller driven by a motor. The 
sound was picked up by a carbon button suspended 
close to the tip of the blades. The speed of the motor 



Figure 12. The basic frequency is present as expected. 
Rather surprising, however, is the fact that the fourth 
and the fifth harmonics are predominant, whereas the 
sixth is much smaller. By applying Fourier analysis to 
the problem it can be shown that the spacing was such 
as to favor the fourth and the fifth harmonics. 




Figure 10.— The photographic recording device mechanically interconnected with the beat-frequency oscillator 



was in the first case 5,400 revolutions per minute and 
in the second case 3,000. Note that the fundamental 
frequencies appear at 540 and 300 cycles per second, 
respectively, corresponding to one impluse for each of 
the blades, or to a frequency six times greater than the 
number of revolutions per second. Several harmonics 
of this frequency are present. It is of particular 



DISCUSSION REGARDING THE OPERATING CHARAC- 
TERISTICS OF THE NEW ANALYZER 

The current 2/n representing the unlmown complex 
current supphes a certain energy S/n^/? to the filament 
of the multipher. The known current i from the 
beat-frequency source contributes the amount i^R. 
The operating point on the characteristic curve ob- 
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Figure ll.— Diagram of the original N. A, C. A. sound analyzer 



interest to notice that no basic frequency corresponding 
to the number of revolutions of the propeller appears 
in these records. 

By the simple expedient of placing the six blades at 
irregular intervals the basic frequency could be made 
to appear. The record shown in Figure 20 was ob- 
tained from a propeller with the blades spaced as in 



tained by plotting plate current against filament cur- 
rent (fig. 5) is thus dependent on the total energy level. 
The energy from the beat-frequency source drops off 
as zero frequency is approached, which would ordi- 
narily result in a great decrease of sensitivity. 

It is for this reason necessary, or at least desirable, 
to keep the filament temperature at approximately 
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the same level by means of a direct-current source as 
indicated by DCs in Figure 8. The ordinary oper- 
ating range employed is shown in Figure 5. 

Furthermore, the indication is directly proportional 
to the product I^i- It is thus quite desirable to employ 
auxiliaries with straight-line characteristics. Most 
amplifiers possess this property between 50 and 5,000 
cycles, even though the amplification falls off at very 
high and very low frequencies. 




Figure 12— Small G-bladed propeller with irregular spacing 



It is evident that the response intensity of the an- 
alyzer depends on the response of the auxiliaries and 
that this response can be made constant over the 
ordinary voice range. 

The value of the new instrument depends, however, 
on the fact that no harmonic distortion takes place. 
The possibility of harmonic distortion is excluded by 
the very principles of this instrument. For a study of 
the serious difficulties encountered with the usual 



analyzers employing modulation the reader is referred 
to reference 2, pages 9 to 13. The present instrument 
is in a true sense a ^'multiplier.'' This term has been 
adopted because it properly reminds us of the fact 
that the response is proportional to the product I J. of 
the two currents. The fact that this product may be 
written 

Asin atBsmfit =\aBqos {a- t-l A B qos + f, 

together with the fact that the hot wire can respond 
only to the low frequency {a — /3) where a^jS, is in itself 
sufficient evidence that no harmonic distortion can be 
introduced by the hot wire. An experimental verifica- 
tion of the freedom from harmonic distortion is further 
given by the record (fig. 15) of a 60-cycle current. 

In this connection, we are, of course, not referring 
to the distortion already present in the output of the 
microphone and the sound amplifier or in the variable 
frequency source. Modern equipment is, however, 
quite close to perfection in this respect. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., March 23, 1931. 
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Figure 15— Record of a 60-cycle source of voltage 
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Fk.ukes 10 and 17.— Sound from a telephone receiver overexcited by a GO-cycle currenl, taken over a lower fre(iuency lauge to siiow response pattern in more detail 



A NEW PKINCIPLE OF SOUND FREQUENCY ANALYSIS 15 




U. S. GOVERNMrNT PRINTING OFFICE: t33t 




Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


S\Tn- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal. 
Lateral _ 


X 
Y 
Z 


X 
Y 
Z 


rolling 


L 
M 

N 


Y > Z 

Z > X 

X > Y 


roll 


e 


u 

V 

w 


V 

q 

r 


pitching 

vawing 


pitch 


Normal 


vaw 









Absolute coefficients of moment 

^'^qbS icS ^»~56S 



Angle of set of control surface (relative to neu- 
tral position), 5. (Indicate surface by proper 
subscript.) 



4. PROPELLER SYMBOLS 



D, Diameter. 

2?, Geometric pitch. 

p/D, Pitch ratio. 

V\ Inflow velocity. 

Fa, Shpstream velocity. 



P, Power, absolute coefficient Cp = 
Cay Speed power coefficient = -Y/p^* 



Thrust, absolute coefficient Gt = 



Qj Torque, absolute coefficient (7q = ^^ 



71, 



Efficiency. 

Revolutions per second, r. p. s. 
Effective helLx angle = tan ^^^^^ 



5. NUMERICAL RELATIONS 



1 hp = 76.04 kg/m/s = 550 Ib./ft./sec. 
I kg/m/s = 0.01315 hp 
1 mi./hr.= 0.44704 m/s 
1 m/s = 2.23693 mi./hr. 



1 lb. = 0.4535924277 kg. 

1 kg = 2.2046224 lb. 

1 mi. = 1609.35 m = 5280 ft. 

1 m = 3.2808333 ft. 



